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Abstract—The persistent growth in demand for broadband 
communication services has lead to the widespread 
deployment of high-frequency Ka-Band satellite 
communication systems. This phenomenon however, 
presents a scenario whereby aircraft in mid-flight are 
evermore subjected to a diversity of external high frequency 
signals. The latter can potentially generate Electromagnetic 
Interference (EMI) with the communications and control 
avionic systems onboard the aircraft. These drastic effects 
are becoming increasingly noteworthy, and the aircraft 
industry is progressively seeking more thorough 
electromagnetic compatibility assessments prior to aircraft 
manufacture.12 
To this end, this paper proposes a novel study that 
computationally models the electromagnetic effects incident 
on aircraft fuselage from external high frequency sources. 
An accurate ray-tracing framework was employed for the 
assessment of the power incident from a terrestrially based 
Ka-band antenna onto a small sized aircraft whilst flying. 
Subsequent to the determination of an illumination cone 
technique, to increase simulation efficiency and accuracy, a 
customized 3D ray-tracing technique based on Geometric 
Optics (GO) was used to simulate the propagation 
characteristics. This asymptotic area-oriented methodology 
was able to reliably assess the EM field incident on the 
entire fuselage structure. In addition, the peculiar 
characteristics of EM waves at the 30 GHz frequency range 
demanded the inclusion of atmospheric fade phenomena that 
imposed significant contributions to the attenuation of the 
EM field. Thus, the performed simulation accounted for 
signal losses due to rain, fog, cloud, gaseous and also 
tropospheric scintillation. A large number of rays impeding 
via an array of diverse propagation paths and techniques 
were comprehensively considered and the 3D vectorial 
summation of the resultant EMI field incident on each 
location was conclusively executed.  
The paper illustrates the developed theoretical model by 
presenting computed results for an Evektor EV-55 business 
aircraft under the typical atmospheric conditions of Genève, 
Switzerland for an availability rate of 99%. This was done 
because of the extensive atmospheric data available for this 
location that could be compared with the results obtained 
from the model. Moreover, the versatility of the developed 
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framework lends itself perfectly to the EMI verification of 
aircraft models, whereby manufacturers can avoid expensive 
measurement campaigns at the design stage.  
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1. INTRODUCTION 
The advancement registered during the last decade in 
satellite telecommunications and broadcasting technologies 
has lead to significant spectral congestion of the 
conventional frequency bands [1]. This has invoked 
engineers to focus attention on higher frequencies well 
above of 10 GHz (Ku, Ka and V bands) for the design of 
new fixed satellite services. These higher carrier frequency 
bands offer wider bandwidths, higher data rates and smaller 
terrestrial component sizes [2] [3]. 
Simultaneous to this progress, modern aircraft are evermore 
employing a complex suite of electronic systems for 
navigation, control and internal communications during 
flight [4]. This electronic dependence implies that flight 
safety can only be guaranteed for the unimpeded operation 
of these systems [5]. The need for prevention of integrity 
compromisation from electromagnetic interference (EMI) 
has lately attracted much attention from the aeronautic 
industry and research community alike [6]. Much effort has 
been done so far to study and predict the effects induced by 
onboard personal wireless electronic devices (PEDs) by 
means of simulation and measurement campaigns [7 – 10]. 
Manufacturers are also required to test their aircraft models 
for EM compatibility testing prior to service engagement, as 
to ensure safety from onboard interference [11] [12].  
During flight however, aircrafts are also prone to EM fields 
emanating from external sources and are subject to 
penetration of high intensity radiated fields (HIRF) into 
conducting enclosures via apertures. In a number of 
occasions it has been proven that EM sources external to the 
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aircraft have been responsible for the disruption of 
communications, disabling of navigation avionics and 
causing several problems to the equipment of airplanes [13]. 
Such instances pose critical safety issues to the aerospace 
industry, demanding the need for EMI prediction tools at 
aircraft design stage as to ensure EM immunity to 
paramount avionic systems. 
Figure 1: Ray-Tracing simulation to model the EM field 
incident on the aircraft from external sources with inclusion 
of atmospheric effects at high-frequencies. 
To this end, this paper presents a novel study regarding the 
effects induced on aircraft from satellite based 
communication. A terrestrial-based antenna operating at Ka-
band frequencies is considered and an accurate ray-tracing 
framework implemented for EMI prediction on the aircraft 
fuselage as depicted in Figure 1.  
2. RAY-TRACING FRAMEWORK 
Calculation of the EMI field incident on the outer fuselage 
structure was performed by the implementation of an area 
oriented design based on ray launching technique, derived 
from previous developments performed for interior 
propagation analysis [6]. This approach encompassed a 
computational complexity which is quasi independent on 
the number of observation points, and linearly dependent on 
the number of rays considered [14]. Simulating rays at Ka-
band frequencies implies that the wavelengths considered 
are much smaller than the dimensions of the simulated 
aircraft model. Hence, the Geometric Optics (GO) 
hypothesis was adopted in the simulation, whereby EM 
propagation can be modeled as distinct rays and the latter 
can be executed separately through diverse propagation 
mechanisms [15].   
The model takes into consideration a fixed transmission 
earth station antenna operating at a defined equivalent 
isotropic radiated power (EIRP) defined by: 
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where Pin is the power applied to the input terminals of the 
antenna, D is the diameter of the satellite dish, h is the net 
efficiency bounded between 0<h<1, and λ is the wavelength 
considered.  
Simulation efficiency is attained by only considering rays 
that influence the aircraft from the antenna. This, was 
achieved by initially establishing an illumination cone from 
the antenna towards the aircraft by accounting for their 
respective 3D locations, as exemplified in Figure 2. 
Subsequent to this process, rays are launched following a 
Monte-Carlo random method for spherical coordinates 
bounded by the derived cone dimensions.  
Figure 2: Illumination cone derived between the earth-based 
antenna and the modeled aircraft for ray launching 
The wavefront of the propagating ray is modeled 
perpendicular to its direction of motion [16]. To account for 
polarization effects, each ray is separated into parallel and 
perpendicular components for calculation, denoted by || and 
⊥ subscripts respectively [17]. The basis of the ray-tracing 
technique involves the description of the EM field causing 
interference at any point as the sum of the rays incident on 
the location after undergoing a number of propagation 
mechanisms [18]. The attenuation experienced by a ray 
whilst traveling though free-space was modeled by 
employing Friis equation whereby the signal will decrease 
in intensity with the inverse square of distance [19]: 
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where Pr is the received incident power, Pt is the transmitted 
power from the antenna, d symbolizes the distance traveled 
by the wavefront, whilst Gt and Gr represent the transmitter 
and receiver gain, with the latter being equivalent to one due 
to the aircraft structure. However, performing analysis for 
Ka-band propagation implies that the signal attenuation 
phenomena occurring due to atmospheric losses must be 
considered [20] as described in further detail in Section 3.  
When a ray collides with the modeled aircraft, which 
represents a boundary consisting of two media with 
different electromagnetic conductivity and permittivity 
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parameters, a simplification of Maxwell’s Equations is 
adopted for the expression of the reflected and transmitted 
coefficient [21]. This approach employs the use of 
commonly referred to Fresnel’s Equations: 
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where A is the parallel or perpendicular component of the 
power of the incident ray on the boundary, subscripts i and t 
represent the medium in which incidence and transmission 
will occur respectively. θ symbolizes the angle of the ray 
with the vector normal to the point of intersect, whilst η and 
μ represent the complex refractive index and permeability of 
the boundary media respectively. The reflected ray of the 
fuselage is additionally also inferred a phase shift of π so as 
to accurately account for the multipath interference 
generated by the same ray [22].  
The directions by which the reflected and transmitted rays 
propagate are derived by employing the mathematics of 
three-dimensional vectors in [23]: 
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where I represents vector incident on the boundary, N is the 
3D normal vector to the plane and (·) refers to the dot 
product operation between vectors. Rays are modeled in the 
simulator until the signal strength of each component falls 
below -150dBm, at which point the contribution of the 
former to the vectorial addition of the total EMI losses 
significance [24]. 
3.  PROPAGATION PARAMETERS 
The propagation effects experienced in earth-space 
communication mainly originate in the troposphere and 
ionosphere regions of the atmosphere. Ionospheric effects 
are of major concern for systems operating below the 3 GHz 
range, whilst tropospheric phenomena influence 
significantly systems operating above the 3 GHz frequencies 
[25].  
Aircraft in flight travel through the troposphere at an 
altitude of 11,000 meters, thus implying that the attenuation 
phenomena experienced by rays originating from earth 
stations through the troposphere had to be accounted for. A 
number of complex meteorological mechanisms contribute 
to the overall EM attenuation experienced by the transmitted 
signal. Nevertheless, for frequencies below 100 GHz, the 
most influencing phenomena are considered to be rain 
precipitation, atmospheric gaseous absorption, clouds, fog 
and tropospherical scintillation [26]. 
Rain Attenuation  
Attenuation due to rain is the dominant propagation 
impairment for Ka-band communications. This attenuation 
in dependent on a number of parameters, namely; the 
operating frequency, antenna elevation angle, polarization 
of the transmitted signal, ground station height above sea 
level, and the rainfall rate calculated for a specific 
coordinate on the globe. The latter value is also dependent 
on rain availability that is considered, which infers on the 
percentage of time that the available rain margin is not 
exceeded [27]. The implemented model is based on the 
ITU-R P.618 recommendation [28] and simulation results 
were verified by comparing to the respective ITU-R 
reference validation documents.  
During analysis, it was noticed that the signal polarization 
can have significant effects on the rain attenuation 
experienced. This is due to the vertically elongated shape of 
most raindrops, which lead to horizontal polarized signals 
being more heavily attenuated than their vertical 
counterparts [29]. This variance is nonetheless counteracted 
by the implementation of circular polarization which attains 
a consistent attenuation pattern through rain.  
Figure 3 illustrates the attenuation achieved at Genève, 
Switzerland for an availability rate of 99% and circular 
polarization for different elevation angles. 
 
Figure 3: Rain attenuation curves for multiple elevation 
angles through a range of frequencies. 
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Gaseous Absorption  
Absorption occurring due to atmospheric gases is less 
influential than that due to rain. This phenomenon is 
dependent mainly on elevation angle, atmospheric water 
vapor at specific global coordinates and frequency of 
operation. The main contributors to gaseous attenuation are 
water vapor and oxygen with the former exhibiting a 
behavior dependent on air temperature, pressure and 
absolute humidity, whilst the oxygen attenuation is invariant 
to climatic conditions [30].  
Modeling of the gaseous phenomenon was performed by 
implementation of ITU-R P.676 recommendation [31], 
which approximates a line-by-line stratified atmospheric 
layers calculation to a computationally tractable result. This 
implementation considers the attenuation generated from the 
main constituents separately as a function of frequency as 
demonstrated by Figure 4: 
Figure 4: Specific attenuation against frequency for water 
vapor at a mean of 7.5gr/m3 and for dry atmosphere. 
These oxygen and water vapor component values, denoted 
respectively by γ0 and γw, are subsequently employed for the 
derivation of the attenuation due to gaseous absorption for a 
slant path by the equation [31]: 
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θ
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where θ is the elevation angle and the variables ho and hw 
represent the equivalent height of dry air and water vapour 
respectively as expressed by the equations: 
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Cloud/Fog Attenuation  
Clouds are composed of both water droplets and ice. The 
influence of ice clouds is negligible to that contributed by 
water droplets. The latter is based on a mathematical model 
of Rayleigh scattering employing the double-Debye model 
for dielectric complex permittivity of water as in 
recommendation ITU-R P.840 [32]. The attenuation 
exhibited by this phenomenon is calculated by: 
( )dBLKA l
θsin
= ,        (12) 
where L is the columnar content of liquid water deduced 
from recommendation ITU-R P.836 [33] for the specific 
location on the globe, θ is the elevation angle and the 
specific attenuation coefficient Kl is mathematically 
computed as a function of temperature, primary and 
secondary relaxation frequencies. Figure 5 illustrates the 
values attained for this constant over a range of frequencies 
for different temperature coefficients. 
Figure 5: Specific cloud attenuation coefficient for multiple 
temperatures through a range of frequencies. 
Tropospheric Scintillation  
Scintillations are the fast fluctuations of signal amplitude 
and phase that are resultant from atmospheric turbulence. 
This effect occurs from turbulent irregularities in 
temperature, humidity and pressure, which translate into 
small-scale variations in the refractive index of the 
troposphere region [34]. The attenuation due to tropospheric 
scintillation becomes influential as the frequencies are 
increased over 10 GHz and at elevation angles of less than 
15 degrees. The implementation of this attenuation 
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phenomenon was performed according to the accurate 
technique derived by Van der Kamp [35][36].  
Figure 6 illustrates the attenuation occurring due to 
Tropospheric Scintillation at Genève, Switzerland for an 
availability rate of 99% and a temperature of 6oC for 
different elevation angles.  
Figure 6: Tropospheric Scintillation attenuation curves for 
multiple elevation angles through a range of frequencies. 
Total Tropospheric Attenuation  
The significant attenuation parameters modeled individually 
exhibit a complex interaction between them, which must be 
accounted for in calculation. This is mainly due to the 
correlation of the simultaneous multiple sources in the 
atmosphere, particularly for frequencies above 18 GHz. The 
total attenuation for a fixed availability can hence be 
expressed as [28]: 
 ( ) )(22 dBAAAAA sCRGT +++=             (13) 
where AR represent the attenuation due to rain, AC and AS are 
the contributions due clouds and scintillation respectively, 
and AG is the combination of water vapor and oxygen 
attenuations.  
4. SIMULATION AND RESULTS 
The algorithm developed in this paper was used to model 
the EMI field incident from a Ka-band earth station onto the 
fuselage of a small business aircraft. The latter was 
represented by replicating the geometry of the Evektor EV-
55 Outback passenger aircraft [37] with a spatial resolution 
of 2cm along 3D directions on the Maltab® platform. 
Figure 7: Evektor EV-55 business jet [37], as included in 
the electromagnetic propagation simulation. 
 As represented in Figure 7, the external geometry of the 
aircraft was composed mainly from an aluminum fuselage 
furnished with acrylic windowpanes, having the 
electromagnetic parameters defined in Table 1. 
TABLE I 
ELECTROMAGNETIC MATERIAL PROPERTIES 
Parameters Material 
Air Aluminum Acrylic 
Permittivity (ε) 1.0006 1.0005 3.4 
Permeability (μ) 1 1.000022 1 
Electrical 
Conductivity (σ) 5e
-15 4e7 1e-12 
 
An earth station antenna transmitting with a nominal power 
of 1W from a satellite dish diameter of 1m at a conservative 
estimate efficiency of 0.5 [28] was simulated. This 
simulation was based at the geographical coordinates 
(46.217, 6.12) in Genève, Switzerland for an availability 
rate of 99%. This presented an equivalent isotropic radiated 
power, PEIRP, of 76.94 dBm which was the initial value 
assigned to the rays for propagation. 
An asymptotic calculation of the EMI incident on the 
aircraft was achieved by launching 200,000 unique rays 
from the antenna within the illumination cone described in 
Section 2. Depending on the impinged surface, the incident 
ray can either be completely reflected or partially absorbed 
by means of a transmitted ray into the boundary medium. 
The former case occurs when the ray interacts with an 
aluminum surface, since the material presents a very high 
electrical conductivity in the 30 GHz frequency range. 
Transmitted rays arise when the incident ray impinges on 
the fuselage apertures, which are represented by 
windowpane material. Subsequent to the primary interaction 
with the boundary, the simulator computes the EM 
propagation by the reflected ray until the latter is either 
incident on a second boundary medium or results in an EM 
field strength which is less than -150dBm. The global EM 
field is finally determined by performing a vectorial 
summation of the power levels from all multipath 
components that intersected the fuselage locations. For the 
described simulation, the results attained on the Evektor 
EV-55 aircraft are illustrated in Figure 8. 
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Figure 8: Simulation results for the EMI field incident on the Evektor EV-55 business jet from Ka-band antenna. 
The results depicted, imminently define that at cruising 
altitude, the undercarriage of the aircraft is illuminated by a 
mean power of -49.35 dBm. This implies that an EM field 
power density of 0.029 mW/m2 is incident on the fuselage 
surface.  
The accuracy of the developed ray-tracing model is however 
also able to further enhance the result attained from direct 
line-of-sight illumination. This is achieved by making use of 
the inherent characteristics of ray tracing which provide the 
ability to take into consideration particular locations on the 
external aircraft fuselage that are subject to different levels 
of EMI due to the holistic computation of all reflections that 
occur on the fuselage structure. This is evidenced in Figure 
8, by the variation in the EM field intensity levels incident 
on the regions where separate fuselage structures are 
adjacent together, such as the wing and rotor areas. The 
simulation illustrates that areas on the external structure that 
are subject to multipath generated EM fields which result in 
constructive or destructive summation of the high-frequency 
interference, with signals levels reaching peaks of                 
-44.57 dBm and -74.819 dBm respectively. 
5. CONCLUSION 
This paper has presented the implementation of a ray tracing 
algorithm specifically designed to estimate the levels of EMI 
on the exterior fuselage of an aircraft due to the uplink 
transmission path of a Ka band satellite communication 
system. The algorithm performs a comprehensive 
consideration of the diverse propagation phenomena, together 
with complex analysis of the atmospheric parameters to 
generate a holistic calculation of the EM field that is resultant 
on the fuselage structure. The results obtained allow for an 
inclusive understanding of the incident EMI and provide an 
additional opportunity to assess the influence external 
communication systems impart on aircraft. 
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